Epidermal growth factor receptor (EGFR) is one of the most promising targets for the treatment of cancers. Double mutations T790M/L858R lead to different degrees of drug resistance toward inhibitors. In this study, molecular dynamics (MD) simulations followed by principal component analysis are performed to study the conformational changes of EGFR induced by T790M/L858R. The results suggest that T790M/L858R cause obvious disturbance of the structural stability of EGFR. Molecular mechanics-Poisson Boltzmann surface area (MM-PBSA) and residue-based free energy decomposition methods are integrated to explore the drug-resistant mechanism of T790M/L858R toward inhibitors. The results show that the decrease in van der Waals interactions of inhibitors with the mutated EFGR relative to the wild-type (WT) one is the main force inducing drug resistance of T790M/L858R toward inhibitors TAK-285, while drug resistance toward W2P and HKI-272 is dominated by the decrease in van der Waals interactions and the increase in polar interactions. We expect that the information obtained from this study can aid rational design of effective drugs to relieve drug resistance of EGFR induced by T790M/L858R.
Introduction
The receptor tyrosine kinase (RTK) superfamily is a transmembrane protein in signal transduction and implicated in the regulation of physiological processes of cells, such as cellular differentiation and migration.
1 As a member of the RTK family, epidermal growth factor receptor (EGFR) has attracted more attention due to its special role in the development of lung cancer. EGFR is over-expressed in many malignant tumors including lung cancer, breast cancer, liver cancer and so forth. [2] [3] [4] Previous studies have shown that abnormal expression and activation of EGFR can accelerate the proliferation and metastasis of cancerous cells and promote the angiogenesis and anti-apoptosis of tumors, 5, 6 which plays an important role in the occurrence and development of tumors. It has been reported that the EGFR gene is of importance for regulating growth of lung cancer, moreover the transitional expression of EGFR is also indicative of advanced lung cancer. 7 Therefore, EGFR has been one of the most promising targets for the treatment of cancers.
Non-small cell lung cancer (NSCLC) accounts for more than 80% of lung cancer patients. Many studies have shown that the most common mutations of drug resistance in NSCLC are EGFR mutations. [8] [9] [10] [11] The previous works indicated that mutations in EGFR kinase domains are an early event in development of lung adenocarcinomas and may induce drug resistance toward EGFR inhibitors.
12, 13 The analysis on tumor samples revealed that T790M mutation always coexists with the somatic mutation L858R.
14 The mutation at 858 th residue of EGFR kinase domain is the extremely frequent carcinogenic mutation, 15, 16 which is also regarded as the most common kinase mutation relating with cancers. 17, 18 The mutation of the leucine at 858 th residue of EGFR into the positively charged arginine produced certain drug resistance toward the current inhibitors. The 790 th residue of the EGFR kinase is known as the "gatekeeper", which is an important determinant of inhibitor bindings to EGFR. The binding pocket of EGFR consists of hinge region, C-helix, A-and P-loops (Fig. 1A) . It is worth noting that the 790 th residue is located in the hinge region and depth of the binding pocket, while that the 858 th residue in the A-loop ( Fig. 1A and B) . The mutation T790M, namely the short side-chain of threonine replaced by the long side-chain of a methionine, generates drug resistance toward the current inhibitors. 19, 20 In facts, the double mutations T790M/L858R not only retain the characteristics of single mutation, but also have some unique properties. Therefore, it is necessary to further study the role of this kind of inhibitors in bindings to EGFR. With the aim to relieve the sideeffect and drug resistance, we performed detailed analyses involving the conformational changes of EGFR and binding mechanisms of inhibitors to the WT/mutant EGFRs.
Molecular dynamics (MD) simulations have been a universal tool to study the conformational changes of proteins and ligand-protein binding mechanisms. [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] Moreover, MD simulation studies of EGFR have attracted wide attention in recent years. [48] [49] [50] Several methods have been proposed to calculate binding free energies of inhibitors to proteins, such as free energy perturbation (FEP), [51] [52] [53] thermodynamics integration (TI) 54, 55 and molecular mechanics Poisson-Boltzmann/ generalized Born surface area (MM-PBSA/GBSA). [56] [57] [58] Although the FEP and TI can obtain high accuracy in calculating binding free energies of inhibitor-protein complexes, they require a large amount of statistical sampling, which is expensive in computational time.
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On the contrary, MM-PBSA/GBSA methods can not only obtain rational results, but also save more computational resource and time. Furthermore, these two methods have been successfully employed to predict binding free energies of inhibitors to proteins. [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] Thus, in this work, a combination of MD simulations and MM-PBSA method was applied to probe drug resistant mechanism of T790M/L858R toward inhibitors. In addition, to further investigate the conformational change of EGFR induced by T790M/L858R, principal component analysis (PCA) and dynamics analysis were performed on MD trajectories. 73, 74 We expect that this work can provide theoretical hints for design of effective inhibitors alleviating drug resistance of the mutated EGFR in future.
Materials and methods

Preparation of simulation system
The crystal structures of T790M/L858R-mutant EGFR associated with three inhibitors were taken from Protein Data Bank (PDB). 75 The PDB IDs of 3W2O, 3W2P and 3W2Q separately correspond to the TAK-285/, W2P/ and HKI-272/mutated EGFRs and the 5EDP for the mutated EGFR of the apo state. In order to maintain consistency of atomic coordinates, the WT EGFRs were constructed from their corresponding T790M/L858R complexes by using the leap module in Amber 16.
76 Meanwhile, the leap module was also applied to add all missing hydrogen atoms to EGFR. All crystal water molecules were persisted in the initialized models. The protein was simulated using the ff99SB force eld 77 and the parameters of inhibitors were generated using the general Amber force eld (GAFF).
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The PROPKA program was applied to assign the protonation states of residues at PH 7.0. 79, 80 The AM1-BCC procedure in Amber 16 was employed to assign the atomic charges to inhibitors. 81, 82 Then, six complexes were immersed into the solvent environment provided by the truncated periodic octahedral box of TIP3P water molecules, keeping a separation margin of 12.0Å along each dimension from the solute. 83 All positively charged systems were neutralized by an appropriate number of Cl À counterions.
Molecular dynamics simulations
Two-stage energy optimization was performed using the steepest descent and conjugate gradient methods to remove several high-energy contacts. Firstly, these compounds were constrained in their initial positions by a harmonic constant of 100 kcal mol À1ÅÀ2 so as to better optimize the counterions and water molecules. Secondly, energy minimization was carried out on all atoms without restrictions. Then, each system undergoes a slow heating process of 1 ns from 0 K to 300 K and was equilibrated for another 1 ns at the normal temperature 300 K. The chemical bonds involving hydrogen atoms were xed by the SHAKE algorithm. 84 The long-range electrostatic interactions were treated by the particle mesh Ewald (PME) algorithm 85, 86 and a cutoff of 10Å was employed to compute electrostatic and van der Waals interactions. Aer that, 170 ns MD simulations were run on six systems by the PMEMD module in Amber, during which the temperature and pressure were separately controlled at 300 K and 1 atm.
Principal component analysis
In order to investigate the effect of T790M/L858R on dynamical properties of EGFR, PCA based on the dimensional reduction method was performed on the equilibrated MD trajectories.
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The eigenvectors and eigenvalues obtained from the diagonalization of the covariance matrix constructed using the atomic coordinates from MD trajectories are used to characterize protein motions. The eigenvectors and the eigenvalues respectively embody the direction and magnitude of the concerted motions. The functionally concerted motions of proteins can be generally described by the rst few principal components. In this work, PCA was carried out using the CPPTRAJ module in Amber 88 and the porcupine plots for investigating the concerted movements of the systems were plotted using the VMD 89 soware.
MM-PBSA calculation
MM-PBSA method has been a universal and reliable tool for evaluating binding ability of inhibitors to proteins. Thus, the current study applied MM-PBSA to compute binding free energies (DG bind ) of three inhibitors to the WT and mutated EGFRs based on 200 conformations taken from the last 100 ns of MD simulations at a time interval of 500 ps. The contribution of the entropy to the binding free energy was also taken into account. All counterions and water molecules were removed from each system during the calculation. In this study, DG bind is determined by the following equation: 
where the values of the coefficients g and b were set as 0.00542 kcal mol À1ÅÀ2 and 0.92 kcal mol À1 , respectively. The last term is the contribution of the entropy changes (ÀTDS) to binding free energies and computed using normal mode analysis. Since the computation of entropy is extremely timeconsuming, only 50 conformations extracted from the 200 snapshots were adopted to perform the entropy calculation. In this calculation, the important external and internal dielectric constants were set as 80.0 and 1.0, respectively.
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3 Results and discussion
Structural stability and exibility of EGFR
In order to better evaluate dynamic stability of all systems during MD simulation, root-mean-square deviations (RMSDs) of backbone atoms in the WT and T790M/L858R EGFRs with respect to their initial structures were calculated through the entire MD simulations and the results were given in ESI (Fig. S1 † Root-mean-square uctuations (RMSFs) of C a atoms in the WT and mutated EGFRs were computed to further explore inuence of T790M/L858R on structural exibility of EGFR (Fig. 2) . As for the WT/mutant apo state of EGFRs ( Fig. 2A) , the exibility of residues near 915-930 are enhanced due to T790M/ L858R. It is found that T790M/L858R affect the exibility of EGFRs complexed with three inhibitors (Fig. 2B-D) , especially for the regions near residues 750-767, 780-788, 855-877 and 915-930. Except for the slight difference in the RMSF values of residues 750-767 and 915-930 between the WT and mutated EGFRs with HKI-272 (Fig. 2D) , the RMSF values of residues 750-767 and 915-930 are increased in the mutated EGFRs with TAK-285 and W2P compared to the WT one ( Fig. 2B and C) , indicating that the exibility of these regions is strengthened by T790M/L858R. The structural exibility of the region near residues 780-788 is obviously increased in the mutated EGFRs with TAK-285 and W2P relative to the WT ones, but that of this region is weakened in the mutated EGFR with HKI-272 relative to the WT one. It is worth noting that the structural uctuation of the A-loop (residues 855-877) in the mutated EGFR is reduced compared to the WT one, especially for the mutated EGFR complexed with HKI-272.
Changes of internal dynamics induced by T790M/L858R
PC analysis has been a universal tool to investigate conformational changes of proteins. In the current work, PC analysis was performed on six systems to explore the changes in internal dynamics of EGFR caused by T790M/L858R. Plots of eigenvalues vs. the corresponding eigenvector indices obtained from the diagonalization of the covariance matrix were depicted in Fig. 3 , in which the eigenvalues are usually applied to embody the strength of motions and the eigenvectors are used to reect the direction of internal motions in EGFR. The rst ve eigenvalues account for 68%/74%, 57%/69%, 67%/69% and 61%/71% of the total motions for the WT/mutated apo EGFRs, WT/mutated EGFRs with TAK-285, W2P, and HKI-272. The subsequent eigenvalues quickly decrease in amplitude to reach a series of constrained and more localized uctuations. The rst eigenvalues of three mutated EGFRs are much higher than the WT EGFRs, indicating that T790M/L858R strengthen motion of EGFR. This result agrees basically with the previous RMSD analysis. In addition, in order to gain a deeper insight into the changes in the binding pocket of EGFR induced by mutations, the volume of binding pocket of each complex was calculated by utilizing the POVME procedure 92 based on the equilibrated MD trajectories (Fig. 4) . The averaged volume of binding pocket of the mutated EGFRs is smaller than that of the WT ones, and the decrease in volume may be related to motional difference of residues in the binding pocket caused by T790M/L858R.
To further understand impact of T790M/L858R on internal motions of EGFR, six porcupine plots were depicted in Fig. 5 by using the VMD soware. The direction of each arrow characterizes movement direction of C a atoms, and the length of each arrow embodies motion strength of C a atoms. As shown in Fig. 5 , the concerted motions of domains have changed obviously due to T790M/L858R. Compared with the WT EGFR in its apo state (Fig. 5A1) , double mutations make the motion direction and intensity of A-loop change signicantly (Fig. 5A2) , which may provide great contribution to the decrease of binding pocket. In the WT EGFR complexed with TAK-285 (Fig. 5B1) , the P-loop, C-helix and A-loop have outward tendencies of movement. However, double mutations not only change movement strength of the P-loop, but also make the Ploop move downward (Fig. 5B2 ). In addition, the motion intensity of the C-helix and A-loop is signicantly weakened by T790M/L858R, which tends to make the binding pocket become narrower and smaller. Except for the slight movement of the Aloop in the WT EGFR with W2P ( Fig. 5C1 ), the C-helix and P- loop show obvious outward tendency. Although motion strength of the A-loop increased by T790M/L858R (Fig. 5C2) , motion strength of the C-helix and P-loop is obviously decreased due to mutations, which is not benecial to inhibitor bindings. By comparison between the WT and mutated EGFR with HKI-272 ( Fig. 5D1 and D2) , it is found that T790M/L858R
produces smaller effects on movement of the C-helix (752-767), which is in agreement with the previous RMSF analysis (Fig. 2D) . Furthermore, T790M/L858R not only weakens movement strength of the P-loop in the mutated EGFR, but also changes motion direction of this loop (Fig. 5D2) . The above analysis reasonably explains the reason why the volume of the binding pockets becomes smaller in the mutant systems, meanwhile also proves that T790M/L858R generate signicant inuence on dynamic behavior of EGFR. Free energy landscapes can provide useful information for exploring the conformational dynamics of proteins. To further probe the conformational change of EGFR caused by T790M/ L858R, free energy landscapes of all investigated systems were constructed by projecting MD trajectories on the rst two principal components PC1 and PC2 (Fig. 6 and S2 †) . Different clusters in pictures represent different conformational states. As shown in Fig. S2 , † the WT EGFR in its apo state displays two energy basin, while the WT EGFRs complexed with three inhibitors exhibit single energy basin that is mainly distributed in a conformational subspace (Fig. 6A1-C1 ). However, T790M/ L858R completely break the originally conformational states of EGFR and induce multiple energy basins, which makes EGFR span multiple different conformational subspaces (Fig. 6A2-C2 and S2 †). This result suggests that T790M/L858R exerts significant effect on the conformation of EGFR and induce conformational diversity of EGFR.
Binding free energies calculated by MM-PBSA method
The analyses on conformational changes of EGFR suggest that T790M/L858R produce great inuence on the conformation of the binding pocket in EGFR, which may further affect binding affinity of inhibitors to EGFR. To assess the effect of T790M/ L858R on the binding ability of inhibitors to EGFR, binding free energies of six complexes were computed based on 200 snapshots taken from the equilibrated MD trajectories. In this study, the contribution of entropy changes (ÀTDS) to binding free energies was calculated by using the NMA method 93 based on 50 snapshots (Table 1) . It is noted that the order of the calculated binding free energies is consistent with the experimentally determined one, 29 which indicates that the current calculation is theoretically believable.
To reveal the driving forces behind drug resistance, the individual components of binding free energies were calculated and compared. According to 
Drug-resistant mechanisms of mutated EGFR toward inhibitors
To explore the role of separate residues in drug resistance, binding free energies were divided into contributions of individual residues to inhibitor bindings. The residues with relatively signicant contributions to binding free energies were shown in Fig. 7 . The previous analyses of binding free energies show that the non-polar solvation energies do not provide main contributions to drug resistance, thus we pay more attention to three components including the electrostatic interactions, van der Waals interactions and polar interactions. To further elucidate the drug-resistance mechanism of T790M/L858R toward inhibitors, the separate components of inhibitorresidue interactions were listed in Table S1 . † In addition, hydrogen bonding interactions of three inhibitors with EGFR were also analyzed by using the CPPTRAJ program in Amber and the results were shown in Table 2 . The geometric positions of inhibitors relative to the key residues of EGFR are depicted in Fig. 8, S3 and S4 † by using the lowest energy structure extracted from MD simulations. As for TAK-285, seven residues V726, M766, L777, L788, T790, M793 and L844 provide important contributions for binding of TAK-285 to the WT EGFR, but in the mutated system six residues L718, V726, L788, M790, M793, and L844 produce strong interactions with TAK-285 (Fig. 7A) . Structurally, the alkyl of L788 can form the CH-p interaction with the phenyl ring of TAK-285 in both the WT and mutant systems ( Fig. 8A and B) , and the difference in this interaction of L788 with TAK-285 is only 0.05 kcal mol À1 between the WT and mutated EGFRs (Fig. 7A) . Thus, L788 does not play the role in drug resistance of T790M/L858R toward TAK-285. Except for L788, the energy contributions of the other key residues were signicantly changed due to T790M/L858R (Fig. 7A) . Structurally, the alkyl group of L718 produces the CH-p interaction with the hydrophobic ring of TAK-285, and the interaction energy of L718 with TAK-285 in the mutated EGFR is strengthened by 0.21 kcal mol À1 compared to the WT one, which owes to the changes in the frequency distribution of the distance between the alkyl group of L718 and the ring of TAK-285 caused by 50 . In this calculation, the nonlinear regression analysis of the percentage inhibitions was used to compute the IC50 mentioned in ref. 29. T790M/L858R (Fig. 8C) . In addition, the CH-p interaction between the 790 th residue of EGFR and TAK-285 is also strengthened by T790M/L858R. The length of the hydrophobic side-chain of M790 in the mutant EGFR is obviously longer than that of T790 in the WT EGFR and shortens the distance of the hydrophobic contact between the 790 th residue of EGFR and the phenyl ring of TAK-285, which leads to an increase of 0.32 kcal mol À1 in the CH-p interaction of the 790 th residue with TAK-285 in the mutated system relative to the WT one. Thus L718 and the 790th residue do not provide contribution for drug resistance of T790M/L858R on TAK-285 (Fig. 7A) . It is also observed that the interactions of TAK-285 with the residues V726, M766, L777, M793 and L844 in the mutated system are respectively decreased by 0.63, 0.49, 0.99, 0.37 and 0.71 kcal mol À1 due to T790M/L858R compared to the WT one, which suggests that V726, M766, L777, M793 and L844 play signicant roles in drug resistance of T790M/L858R toward TAK-285. As shown in Table S1 , † the energy contributions of V726, M766, L777 and L844 to the bindings mainly originating from van der Waals interactions of these residues with TAK-285 in the WT/mutant EGFRs, while that of M793 to the binding comes from the van der Waals and electrostatic interactions of M793 with TAK-285. The methyl group of V726 in the WT EGFR generates the CH-p interactions with the hydrophobic rings R2 and R3. However, T790M/L858R increase the distance between the rings R2 and R3 of TAK-285 and the methyl of V726, thus the CH-p interactions between them basically disappear in the mutant system (Fig. 8D) . According to Fig. 8A , TAK-285 can form the CH-p and S-p interactions with M766 in the WT EGFR, but there is only the S-p interaction formed between TAK-285 and M766 in the mutant EGFR due to the increase in the distance of the CE of M766 away from the hydrophobic R3 of TAK-285 caused by T790M/L858R compared to the WT system ( Fig. 8B  and E) . Structurally, the alkyl of L777 can generate the CH-p interaction with the ring R1 of TAK-285 in the WT EGFR, but this interaction was heavily decreased because of the increase in the distance between L777 and TAK-285 induced by T790M/ L858 in the mutated system (Fig. 8A, B and F) . Thus, compared to the WT EGFR, the decrease or disappearance of the CH-p interaction of with V726, M766 and L777 with TAK-285 in the mutated one may be the main reasons for drug resistance of T790M/L858 toward TAK-285. M793 can produce hydrogen bonding interactions with TAK-285 ( Table 2 , Fig. 8A and B) , and the difference of electrostatic and polar interactions of M793 with TAK-285 between the WT and mutated EGFRs is very small (Table S1 †), which indicates that electrostatic and polar interactions of M793 with TAK-285 are not the main cause of drug resistance. Structurally, the distance of the alkyl in M793 away from the hydrophobic ring R3 of TAK-285 in the mutated EGFR is highly increased by T790M/L858 (Fig. 8G) , which heavily weakens the CH-p interaction of M793 with TAK-285 in the mutated EGFR and is partially responsible for drug resistance of T790M/L858 on TAK-285. The interaction of L844 with TAK-285 is mainly contributed by two CH-p interactions between the alkyl group of L844 and two rings (R3 and R4) of TAK-285 in both the WT and mutant EGFRs ( Fig. 8A and B) . However, the distances of L844 away from R3 and R4 of TAK-285 in the mutated system are extremely increased due to T790M/ L858 compared to the WT one (Fig. 8H) , which greatly weakens the CH-p interactions between L844 and TAK-285 and provides partial contribution for drug resistance of mutations toward TAK-285.
In the WT EGFR complexed with W2P, the binding attraction of W2P to EGFR mainly comes from seven residues L718, V726, L788, T790, M793, C797 and L844, but in the mutated complex the number of key residues providing signicant contributions for the W2P binding is reduced as V726, L788, M790 and L844 due to T790M/L858R (Fig. 7B ). The differences in the interactions of W2P with V726 and L788 between the WT and mutated complexes are less than 0.1 kcal mol À1 , which shows that these two residues do not offer obvious contributions for drug resistance of T790M/L858R toward W2P. The energy contribution of M790 in the mutated system to binding is increased by 0.6 kcal mol À1 compared to the WT one, and this difference mainly derives from the increase in the van der Waals interactions of M790 with W2P induced by T790M/L858R relative to the WT EGFR (Table S1 †). In the WT EGFR, the carbon atom in T790 can produce the CH-p interaction with the hydrophobic ring R1 of W2P. However, in the mutated system, except for the CH-p interaction, the sulfur atom of M790 can form the S-p interaction with the hydrophobic ring R2 due to the increase in the length of the hydrophobic side-chain of M790, which is reected in the changes in the frequency distribution of the distances between W2P and 790 th residues (Fig. S3D †) . This result suggests that the 790 th residue does not provide contribution for drug resistance T790M/L858R on W2P. As shown in Fig. 7B , the interaction energies of L718, M793, C797 and L844 with W2P in the mutated system are separately reduced by 1.38, 0.33, 1.78 and 1.03 kcal mol À1 due to double mutations compared to the WT one, which indicates that these four residues play signicant roles in drug resistance of T790M/L858R toward W2P. The binding attractions of L718 and L844 to W2P are mainly attributed to the van der Waals interactions (Table S1 †), while the interaction energies of M793 and C797 with W2P not only come the van der Waals interactions, but also originate from the electrostatic interactions. Hydrophobic residues L718 and L844 can separately generate two CH-p interactions with the hydrophobic rings R3 and R4 of W2P (Fig. S3A †) . The increases in the distances of L718 away from the ring R3 of W2P and that of L844 away from the rings R3 and R4 of W2P due to T790M/L858R greatly weaken the CH-p interactions of the alkyls of L718 and L844 with W2P in the mutated system compared to the WT one ( Fig. S3C and S3G †) , thus the decrease in the van der Waals interaction of L718 and L844 with W2P provides signicant contributions for drug resistance of T790M/L858R on W2P. Both M793 and C797 can form the hydrogen bonding interactions with W2P ( Fig. S3A and S3B †), and their occupancies are 92.38% and 80.30% in the WT system, respectively. Although T790M/L858R have weak inu-ence on the hydrogen bond M793-N-H/W2P-N19, T790M/ L858R signicantly affect the hydrogen bond C797-N-H/ W2P-O33 and the occupancy of this hydrogen bond is dropped to 15% in the mutated system ( Table 2) . The above analyses on hydrogen bonds are basically consistent with the small difference in the electrostatic interaction of M793 with W2P between the WT and mutated EGFRs, as well as a large difference in the electrostatic interaction of C797 with W2P (Table S1 †) . It can be speculated that the change in hydrogen bonding interaction of C797 with EGFR provides partial contribution to drug resistance of mutations toward W2P. Because of T790M/L858R, the frequency distributions of the distances of M793 and C797 away from W2P has changed ( Fig. S3E and S3F †) , and the CH-p interaction of M793 with the ring R4 in W2P even disappears, meanwhile, the CH-CH contacts of C797 with W2P is not stable during MD simulations. The van der Waals interactions of W2P with M793 and C797 in the mutated system are separately decreased by 0.32 and 0.37 kcal mol À1 due to T790M/L858R compared to the WT one, which also offers partial contributions for drug resistance of the mutated EGFR toward W2P.
In the WT EGFR complexed with HKI-272, eight residues L718, M766, L788, T790, M793, G796, C797 and L844 generate strong interactions with HIK-271, while in the mutated system eight residues L718, V726, L788, M790, M793, G796, C797 and L844 play key roles in the HKI-272 binding (Fig. 7C) . As shown in Fig. 7C , there are very small differences in the energy contribution of L718, M793, G796 and C797 to the HKI-272 binding between the WT and mutated systems, suggesting that although these four residues play important roles in the binding of HKI-272 to EGFR, they do not provide obvious contributions for drug resistance of T790M/L858R toward HKI-272. According to Fig. 7C , T790M/L858R generate signicant inuence on the interactions of HKI-272 with V726, M766, L788, T790 and L844. The energy contributions of V726 and M790 in the mutated system to the HKI-272 binding are separately strengthened by 0.59 and 0.61 kcal mol À1 compared to the WT one, while the interaction energies of M766, L788 and L844 in the mutant EGFR with HKI-272 are respectively weakened by 0.93, 0.54 and 0.62 kcal mol À1 relative to the WT one. These results indicate that M766, L788 and L844 contribute main force to drug resistance of T790M/L858R toward HKI-272. The sulfur atom of M766 can form the relatively stable S-p interaction with the ring R1 of HKI-272 in the WT system, while this favorable interaction almost disappears in the mutated one due to the increase in the mean distance of the sulfur atom of M766 away from the ring R1 of HKI-272 compared to the WT complex (Fig. S4D †) . In addition, the polar interaction of M766 with HKI-272 also shows large difference between the WT and mutant compounds (Table S1 †), which suggests that drug resistance of double mutations toward HKI-272 not only comes from the decrease in the van der Waals interaction of HKI-272 with the mutated EGFR relative to the WT one, but also from the slight increase in the polar interaction (Table S1 †) . Structurally, although L788 can produce the hydrophobic contact with HKI-272 in both the WT and mutant models ( Fig. S4A and S4B †), double mutations affect the frequency distribution of the distance of L788 away from the ring R1 (Fig. S4E †) . The increase in the distance between L788 and the ring R1 may be the main cause of the decrease in the van der Waals interaction of L788 with HKI-272 in the mutant HKI-272/EGFR complex compared to the WT one. Fig. S4G † displays the frequency distribution of the distance between HKI-272 and L844. It is found that the alkyl group of L844 generates two stable CH-p interactions with the rings R3 and R4 of HKI-272 in the WT system, but L844 can only form a stable hydrophobic contact with R3. Based on the above analysis, it is found that the decrease in the van der Waals interaction of HKI-272 with L788 and L844 in the mutated EGFR relative to the WT one plays a leading role in drug resistance of T790M/L858R toward HKI-272. Through the above statistical analyses, we can draw reasonable conclusions that the drug resistance of T790M/ L858R toward TAK-285 is mainly controlled by ve residues (V726, M766, L777, M793 and L844) and that toward W2P come from four residues (L718, M793, C797 and L844), while three residues (M766, L788 and L844) are in an important position in the drug resistance of T790M/L858R toward HKI-272.
Conclusions
Investigating the inuence of T790M/L858R on the conformational change and drug-resistant mechanism of EGFR is essential for design of efficient inhibitors to relieve drug resistance of the mutated EGFR toward the existing drugs. In the current study, 170 ns traditional MD simulations were performed on the WT and T790M/L858R mutated EGFRs. PC analysis was employed to explore the conformational changes of EGFR induced by T790M/L858R. In addition, MM-PBSA and residue-based free energy decomposition methods were combined to probe drug-resistant mechanisms of the mutated EGFR toward inhibitors.
The results from PC analysis indicate that double mutations greatly disturb the structural stability of EGFR, and induce the conformational diversity of EGFR. The calculations of MM-PBSA and residue-based free energy decomposition revealed that drug resistance of EGFR toward TAK-285 and W2P is controlled by the decrease in van der Waals interactions of TAK-285 with the mutated EGFR relative to the WT one, while drug resistance of T790M/L858R toward W2P and HKI-272 is dominated by the decrease in the van der Waals interaction and the increase in the polar interaction of these two inhibitors with the mutated EGFR compared to the mutated one. Therefore, rational optimization of van der Waals interactions of inhibitors with the key residues of EGFR is a key factor in designs of potent inhibitors alleviating drug resistance caused by mutations. This work is expected to provide a theoretical basis for the development of highly effective drugs targeting drug resistance of the mutated EGFR.
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